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ABSTRACT

The solubilities of ibuprofen and diazepam in water/ethanol binary solutions were predicted
using COSMO-RS and UNIFAC. In case of the ibuprofen system, RMSE was 0.183, and
COSMO-RS reproduced the experimental values well. The RMSE of UNIFAC was 0.628, and the
solubilities predicted by UNIFAC were smaller than experimental values. Polarizabilities of
several drugs in vacuum, water, and ethanol were calculated. A linear correlation between
polarizabilities and solubilities was observed to exist in water.
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INTRODUCTION

One of the fundamental features of drugs is thaurlslity[1]; it serves an essential role in drug
disposition. The organic synthesis of a drug mdkeaiten involves numerous synthetic steps.
Every year, the number of potential drug candidates associated intermediates continues to
increase. Even after the drug is synthesized, relsess spend considerable amounts of time
finding suitable solvents. The use of a predicpveperty method can reduce both time and cost
and significantly enhance the success of develogimgmanufacturing a new drug. For instance,
in addition to enhancing the solubility of ethamolan ethanol agueous solution, it can affect a
drug's absorption, distribution, metabolism, ancretion. Previous researchers have used
empirical approaches involving 2D topological [2]da3D descriptors [3] in artificial neural
networks for predicting solubilities of drugs int@aand mono-solvents.

However, few studies have predicted the solubdibédrugs in mixed solvents. In this study, we

aim to predict solubilities of drugs using the cocir-like screening model for realistic
solvation (COSMO-RS) method [4-5]. For comparisamppses, we have also used the group
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contribution method[6]. In addition, it was demoastd that polarizability is important in the
modeling of solubility (Dyer et al.).[7]

We determined the frequency-dependent polarizedsliof drugs using DFT calculation and
studied the relationship between polarizabilitied aolubilities of drugs.

EXPERIMENTAL SECTION

COSMO-RS method

We assumed that all relevant interactions of thiéeptdy screened molecules can be expressed as
local contact energies and can be quantified byldhal polarization charge densities of the
contacting surfaces.

For the mixtures the activity coefficient of a comopd i in a mixtures S can be calculated as

KT
Where /£ (i;T) refers to the pseudo-chemical potential of the caumgli in the pure liquid i.

Y (ST)= exp{"i LA (“T)} @

For the calculation between solids and the liquidge, the free energy of meltinyG mert IS
usually determined by Equation (2),

. T (2)
/LISOli (T) —/J i (I !T): AG D(AHfus + TfusACp ,fus) 1_-|-_

fus
+ TfusACp,fusln{ -I-r J
fus

wherqfO'i(T) is chemical potential of the pure liquid;(i,T) is chemical potential of the pure
liquid; AH meris the enthalpy of meltingACy et is change in the heat capacity, afigey is re
melting temperature. For temperatures reasonabfedb the melting poinACy, mei: Often can be
neglected.

The gas-phase geometries of a molecule are optinbyeusing the density-functional theory
(DFT) with the Becke-Perdew (BP) and Triple-Zetdafined (TZP) basis set. Similarly, the
solvent crs calculation is performed with BP/TZReleof theory and generation of input data of
the COSMO-RS. DFT calculations were performed ughvey ADF program [8]. The activity
coefficients of the solutes were calculated usigg@OSMO-RS module in the ADF program.

Group contribution method
The activity coefficient in UNIFAC is represented an additive-constitutive parameter. It is
estimated as the product of a combinatorial padtaaresidual part.

Iny, =InyS+Iny’, 3)
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where y;, is the activity coefficient of solute y; is its combinatorial part, ang[ is its
residual part.

The y¢ is the contributed part of the activity coefficiebased on molecular shape and
molecular volume, and is represented by Equatipn (4

InyC= In%+§qi In%ﬂi —%Zxﬂj (4)

where ¢ isvolume fraction for the molecule; g is area fraction for thé molecule;l; is a
compound parameter ofvolume),z andq(surface), and z is the coordination number of the
system.

The y? is the contributed part of the activity coefficidrtsed on interaction, and is represented
by Equation (5)

InyR= ZVk‘i){In r.—In Fk‘”} (5)
k

wherew( is the number of groups of the type kiirmolecule ;I is the residual activity
coefficient of grougk in the solution, and™ "’ is the residual activity coefficient of grokpn a
reference solution containing orilynolecule.

RESULT AND DISCUSSION
The mole fraction solubilities of ibuprofen and zBpam in water/ethanol binary solvent
predicted using COSMO-RS or UNIFAC, are listed glonth their experimental values[9,10] in
Table 1 and 2.

Table 1. Predicted solubilities of ibuprofen in wag¢r/ethanol mixed solvent using cosmo-rs and UNIFAC

XETOH predicted predictad Expenmental
5 (COSMO-ES) S(UNIFAC) ¥

0 8340100 2376100 13461077
004170 3302107 70500 2140104
DO0E918 1128107 2363107 7054104
0.1 2.000:=10- 3660=10F
0.2 0.001344 2.800=10"
0.3 0.004623 0001360
03701 001648 0.003433 003107
04 002303 0004750
04775 n.04762 no1130 009168
0.3 003660 001310
0.6 01102 0.03002
06104 01104 0.003327 0.1462
0.7 01387 003048
0.7790 01887 0008840 002074
0.2 01961 0.1048
0o 02240 0.1680

1 02242 02487 002411

* Feferencez 9
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Table 2. Predicted solubilities of diazepam in watéethanol mixed solvent using COSMO-RS

XETOH predicted Expenmental
S(COSMO-ES) I*
0 1.701=104 6.886=10F
003323 2081=107 1812107
007178 6.044=10F 3.470=107
0.1000 T.143=107
0.1170 1289=107 5.305=107
0.1709 3.224=10° 3.224=107F
02000 4.562=10"
02362 6.648=10° 2.239=10
0.3000 0.001478
03169 0.001330
0.4000 0.003206 0.001969
04102 0.003458 0.003867
0.3000 0.00333
0.333 0.006681 0.003313
0.6000 0.007363
0.7000 0.00EELG
0.7337 0.009374 0007324
02000 0.009320
0.9000 0008951
1 0.007389 0003187
* Beferences 10

The smoothed values of logarithmic mole fractiolulsitities are calculated by Equation (6), and
plotted against the mole fractions of etharalfy) in Graph. -1 and -2.

log Xgrug = AO + AlXgion + A2 Xeror + A3 XeroH®

(6)

Graph-1. Logarithmic experimental (®) (Manrique al., 2007) mole fraction solubilitiespredicted using
COSMO-RS (solid lines) and predicted using UNIFAQdotted line) mole fraction solubilities of ibuprofen in
the mixed solvent water/ethanol are plotted againghe mole fraction of ethanol at 298.15 K

ibuprofen

Inx.

0 T T T T

xEtOH
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Graph.-2. Logarithmic experimental (®) (Shayanfar et al., 2009) and predicted using COS®-RS (solid
lines) mole fraction solubilities of diazepam in tle mixed solvent water/ethanol are plotted againshe mole
fraction of ethanol at 298.15 K

iazepam

lnxd

1 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

xETOH

In order to the accuracy of the predicted logarithsolubilities, the root mean square error
(RMSE) which is defined in Equation(7)[11] and theerage absolute error(AAE) which is
defined

D (obserbed - predicted)?
n

e > |obserbed ~ predicted|

n

(7)

RMSE=\/

AA (8)

in Equation (8) [11]were calculated and listed able 3.

Table 3. The root mean square error (RMSE) and thaverage absolute error (AAE) of predicted logaritimic
mole fraction solubility in water/ethanol mixtures

drug method RMSE AAE
Ibuprofen COSMO-RS 0.183 0.157
UNIFAC 0.628 0.556
Diazepam COSMO-RS 0.411 0.337

In the diazepam system, the RMSE and AAE were Q. did 0.337 respectively, and the
COSMO-RS reproduced the experimental values aadyrads in the case of ibuprofen. The
group contribution parameter of diazepam was natexi in the UNIFAC program, and the
solubilities of diazepam could not be predictechg2UNIFAC.

As observed from Equation (1), even COSMO-RS, whgla theoretical method, required
experimental values. However, the prediction ddilsidities using polarizabilities did not require
experimental values.
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To confirm the applicability of drug solubilitieshe frequency-dependent polarizabilities of
drug-like compounds were calculated at b3lyp/6-31lg¥els using Gaussian 09 program[12]
and listed in Table 4, calculated using a dielectantinuum model .

Table 4. Calculated polarizabilities of drug-like @mpounds in water

Compounds 11;:::315232&1312131?1 IPDDELa.tCizjabig];tErl
1 m
Calculation Feference
Aniline 13764 1.3463
Anizole 14968 14376
Benzenes 1.1477 1.1127
Phenol 1.3764 2330
Pyrdine 1.0462 1.0214

These calculated values of the polarizabilities ahghtly smaller than their reference
values[13,14,15] and are observed to be qualilgtidecurate. The polarizabilities of molecules
can be estimated sufficiently well using this metho

The polarizabilities of several drugs were simylarélculated; these values are listed in Table 5.
In addition, they are plotted against the polaril#zs of these drugs along with experimental

solubitities[10,16,17,18,19,20] in water and inagtbl in Graph 3 and 4 respectively. A linear

correlation between polarizabilities and solulabtivas observed to exist in water.

For the sake of comparison, calculated solubildayameters of drugs and Hydrophile-Lipophile
Balance (HLB) of drugs using software [21] areddsin Table 6. In addition, they are plotted
against the polarizabilities of these drugs along ithw experimental
solubitities[10,16,17,18,19,20]in water in Graphril 6.

Graph -3. Mole fraction solubilities of drugs in waer plotted ageinst the polarizabilities of drugsm water
298.15 K

10°mole fraction solubilities of drugs in water

3.0 3.5 4.0 4.5 5.0
Polarizability in water / 10 J"'C’m’
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Graph -4. Mole fraction solubilities of drugs in éhanol plotted ageinst the polarizabilities of drys in ethanol
at 298.15K

100 mole fraction solubilities of drugs in ethanol

26 28 30 32 34 36 38 40 42 44 46
Polarizability in Ethanol / 10” J 'C’m’

Table 5. Calculated polarizabilities of drugs in vater and in ethanol

Polarizability  Polarizability

Compounds

107¢ m " 1070 m T

in water in ethanol
Apigenin[16] 4436 4439
Clonazeparm[10] 4433 14381
Diazepam[10] 333 4193
Ihprofen[17] 2908 2891
Ketoprofen [12] j.664 3.687
Lampotrgine [10] 3183 3.210
Naproxen [19] 3353 3350
Niflurmnic Acid[20] 4038 4.003

Table 6. Solubility parameter(SP) and Hydrophié-Lipophile Balance(HLB) of drugs

Compounds 5P/ B(MPayl? HLE
Apigernin ER i 12.6
Clonazepam 164 11.0
Diazepam 238 1%
Iprofen 19.3 3.3
Eetoprofen 226 36
Lamotrigine 279 94
Naproxen 212 1.6
Niflurmic Acid 320 11.9

It seems that the prediction method using the pabilities of molecules reproduce the
experimental solubilities in water compare withesttwo prediction methods.
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Graph -5. Mole fraction solubilities of drugs in water plotted against the Hansen's 3-D solubility pa@ameter

at 298.15K
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Graph-6. Mole fraction solubilities of drugs in waer plotted ageinst the Hydrophile-Lipophile Balane at
298.15K
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CONCLUSION

Experimental solubilities of ibuprofen and diazepamwater/ethanol binary solvent were
reproduced well using COSMO-RS as compared to thegmeduced using UNIFAC.

It is difficult to predict the experimental solukis of drugs quantitatively; nevertheless, adine
correlation can be observed between polarizatslined solubilities. It seems that the non-
empirical prediction method using the polarizalaitof molecules reproduce the experimental
solubilities in water.
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